This study focused on growth dependencies, morphological forms and initial nucleation of aluminium nitride (AlN) crystals. Epitaxial layers of AlN have been grown on 4H-SiC substrates by sublimation recondensation in a radio frequency (RF) heated graphite furnace. Both AlN nuclei size and growth rate increased as temperature was increased and decreased as the pressure was increased. The results of these effects are different kinds of surface morphology. We have observed three modes of AlN single crystals: plate-like, columnar and needle-like. Optical microscopy and scanning electron microscopy (SEM) along with atomic force microscopy (AFM) were used to characterize the crystal surface morphology. Cathodoluminescence (CL) and x-ray diffraction (XRD) were applied to determine crystal quality and crystallographic orientation of the grown crystals.
Introduction
Despite the rapid progress of semiconductor film growth of group III nitrides, better substrates are still needed for high quality epitaxial growth. Aluminium nitride (AlN) is an especially good substrate for epitaxial growth of gallium nitride (GaN) due to the same wurtzite crystal structure, small mismatch in both lattice constant (∼2.4% along the a axis) and thermal expansion coefficient, high resistivity, and good thermal stability (melting point ∼3500 K) [1] . The properties of AlN make it an excellent material for many other applications such as high power microwave devices, UV detectors, and surface acoustic wave (SAW) devices for wireless communication.
The growth of AlN single crystals using the sublimation method is currently recognized as the most promising method to produce large bulk AlN single crystals. This technique was first successfully developed by Slack and McNelly in the 1970s [2, 3] . Despite a lot of crystal growth studies on AlN according to this method, available crystal size is still small to use in seeded growth. The largest size of AlN boule reported in [4, 5] was about 25 mm in diameter. Recently a method based on sublimation recondensation has been commercialized by Crysal IS company for growth of 2-inch crystals [6] . Sublimation epitaxy of AlN has been used by several researchers [7, 8] .
The present study attempts to find a growth technique and optimal growth conditions for deposition of high purity and low defect density AlN epilayers on SiC substrates and also seeks to understand the mechanism of grain formation by investigating the initial stage of AlN sublimation growth. The surface morphology and crystal quality of samples was characterized by atomic force microscopy (AFM), scanning electron microscopy (SEM) and x-ray diffraction (XRD).
Experimental

Growth
The growth experiments were performed in a radio frequency (RF, operating at ∼45 kHz) induction heated sublimation reactor with water-cooled stainless steel flanges. A schematic of this system is shown in figure 1 . In this method, a thermal gradient drives the sublimation of polycrystalline AlN source material and recondensation to occur at the colder substrate. The vertical coil position was adjusted to provide the desired temperature gradients along the crucible. The radial temperature gradient was minimized by providing thick graphite foam insulation around the crucible. An infrared (IR) pyrometer was used to monitor the temperature at the top of the crucible.
The source and substrate with a 1 mm clearance were mounted inside a graphite crucible (C8) with a tantalum carbide (TaC) coating. AlN ceramic plates (Accumet Materials Co.) were used as a source. As grown 4H-SiC epilayers deposited on commercial Si-face 4H wafers (8-degrees-off from 0001) were employed as substrates.
All the sources and substrates were cleaned by boiling in organic solvents (TCE, acetone and ethanol) for 5 min, and H 2 SO 4 : H 2 O (3:1) and HCl : H 2 O : H 2 O 2 (1:1:1) at 80
• C for 5 min, dipping in HF : H 2 O (1:1) for 1 min to remove oxides on the surfaces, rinsed with deionized (DI) water, and dried with high purity argon gas before being loaded into the furnace.
Before growth, the furnace was evacuated at 1900
• C to a pressure about 10 −6 mbar to remove residual gaseous contaminations and then filled with pure argon. The growth was carried out at temperatures between 1650 and 1850
• C in a pure nitrogen (N 2 ) atmosphere, maintained at pressures between 200 and 700 mbar.
Characterization techniques
The surface morphology of the samples was studied by optical microscope with Nomarski interference contrast, AFM, and SEM. The cathodoluminescence (CL) spectra were taken at 4.6 K by using a 10 KeV electron beam in a Leo 1550 Gemini scanning electron microscope with a MonoCL system (Oxford Instruments) using a 1800 lines mm −1 grating. A Digital Instruments Nanoscope IIIa AFM operating in the tapping mode using Si tips was used for AFM measurements. The structural quality of the AlN crystal was assessed by XRD. The x-ray measurements were performed using a Philips MRD system with a Cu K α1 (λ = 1.54 Å) radiation source operating at 45 kV and 40 mA.
Results and discussion
A series of AlN crystal growth runs were carried out under different temperature and pressures on the Si face 4H-SiC substrates. The typical sublimation time was about 1 h. To study the growth kinetics, we have measured the AlN growth rate as a function of temperature and pressure. Figures 2 and 3 show that the growth rate is influenced by the growth temperature and growth pressure. In figure 2 , the growth rate increases from 13.32 to 221.65 µm h −1 with temperature increase under 300 mbar nitrogen pressure and in figure 3 , the growth rate decreases from 36.81 to 22.53 µm h −1 with increasing the pressure at 1700 • C. Under these conditions, diffusion transport is likely to be the growth limiting mechanism, the change of growth rate with growth temperature and pressure follows an exponential behaviour. The estimated activation energy for this growth is about 520 KJ mol −1 , which is close to the heat of AlN sublimation [5, 9] .
The growth temperature and pressure were found to be critical to crystal morphology. The effects of the N 2 pressure and growth temperature are shown in figure 4 . The optical microscopy and SEM image in this figure shows that at relatively low temperature and high pressure, we have a platelike growth mode, in an intermediate temperature and pressure range we observe a columnar growth mode, and finally at temperature above 1700
• C the growth mode changed to needles and free standing modes. From figure 4 , we can conclude that the parameter window (temperature-pressure) for formation of different modes is narrow. In growth of the platelet-like mode of AlN, it seems that nucleation starts on the steps of the off-axis SiC substrate and also due to the low temperature (1600
• C) and high pressure (700 mbar), the mobility of species is low. As figure 3 shows in the range of the columnar mode with decreasing pressure at constant temperature (1700
• C) nuclei coalesce and form a continuous layer. Presumably this process is assisted by a higher mobility of species at lower pressure. In needle mode samples, some areas of substrate were covered by big AlN island crystals with slope along the growth direction, the other areas were covered by small hexagonal hillocks (some of them were not complete). Figure 5 shows an area covered by hexagonal hillocks and the two steps of hexagonal hillock formation.
At the initial growth step, the AlN nucleated as individual hexagonal hillocks. Trace of hexagonal hillocks can be found in all samples except the platelet-like mode. The size of hexagonal hillocks increased with increasing temperature and decreasing nitrogen pressure. The initial growth mode of AlN is most probably the three-dimensional or Volmer-Weber (VW) mode. Figure 6 shows a CL spectrum taken from an AlN needle at 4.7 K. The good quality of the AlN needles can be seen by band gap emission of AlN around 208 nm. The spectrum exhibits two broad peaks due to a combination of impurities and vacancies. The CL measurements were also performed on hexagonal hillocks and an AlN grown layer. The result shows a band gap emission of AlN around 208 nm. This confirms that the hexagonal hillocks are AlN. The high-angle XRD symmetric scan of a 78 µm thick AlN layer grown at 1750
• C is displayed in figure 7 . In this figure, we can observe two high intensity diffraction peaks related to AlN (002) at 36.03
• and (004) 
Conclusion
Here, we studied the nucleation process and the initial stage of growth in order to obtain proper conditions for growth of bulk material. We have demonstrated a good growth rate (up to 229 µm h −1 ), which is important for the process yield. The results of these experiments show that the conditions for growth of AlN crystals by sublimation have been established. Discontinuous AlN coverage changes to continuous coverage by increasing growth temperature and decreasing nitrogen pressure. There is a narrow parameter window for formation of crystals with different growth modes. The initial growth mode of AlN seems to be three-dimensional or VW mode. Besides we have grown needle-like crystals with very good quality (see the CL spectra in figure 6 ), which may find interesting applications in nano-devices (e.g. biosensors).
